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Abstract
We perform the most general model independent analysis of the latest 391-Day Salt
Phase SNO Data Set incorporating the Super-Kamiokande ES flux measurement and
obtain bounds on the antineutrino and sterile neutrino flux in the solar 8B neutrino
flux reaching the detectors on the earth. The muon/ tauon antineutrino flux is found
to be disallowed at 1.4σ C.L. The sterile flux is found to be non-zero at about 1.26
standard deviations.
The electron neutrinos coming from the Sun were first detected through their Charge Cur-
rent (CC) interactions with Chlorine [1]. The CC reactions detect electron neutrinos only
since they are insensitive to the neutrinos of other flavors. The νe fluxes measured in dif-
ferent solar neutrino experiments [1, 2] were found to be smaller than the corresponding
Standard Solar Model (SSM) [3] estimates giving rise to the solar neutrino problem (SNP).
The measurement of solar 8B neutrino flux through the elastic scattering (ES) reaction at
Super-Kamiokande [4] and through the neutral current (NC) reaction at SNO [5] were two
major steps towards the resolution of the SNP. The ES flux measurement of SNO agrees with
the ES flux measurement at Super-Kamiokande even though the latter have lesser precision.
The ES flux at Super-Kamiokande was found to be larger than the SNO CC flux. Interpret-
ing this excess as the contribution of non- electronic neutrino flux resulting from the flavor
conversion of electron neutrinos, the hypothesis of the oscillation of solar 8B neutrinos was,
indirectly, established at 3.2σ C.L.[4]. A more direct evidence for the flavor conversion of
solar 8B neutrinos was provided by the NC flux measurement of the boron neutrino flux at
SNO [5] which was consistent with the SSM prediction for the solar 8B neutrino flux. This
was followed by the independent observation of the oscillations of the terrestrial antineu-
trinos at KamLAND [6] with the LMA parameters. After these pioneering experiments,
neutrino masses and, consequent, oscillations have been established as a physical reality.
After the observation of neutrino masses through oscillations, neutrino magnetic moments
are an inevitable consequence in the standard model (SM) and beyond.
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The KamLAND results, directly, ruled out many other possible solutions of the SNP in-
cluding the resonant spin flavor precession (RSFP) solution resulting from the interaction
of a non-vanishing neutrino magnetic moment with the solar magnetic fields. However, the
presently available solar neutrino data do not rule out the subdominant contributions of the
spin flavor precession (SFP) accompanying the dominant LMA flavor conversion. The SFP
is very small for the neutrino parameters in the LMA region but the SFP conversion could
be, significantly, enhanced under suitable conditions [7]. A particularly interesting scenario
[8] has, recently, been discussed in the literature with non-vanishing transition magnetic
moment in the µ-τ sector. In this scenario, the final solar neutrino flux can be a mixture of
νe, νµ, ντ , νµ, ντ and there will be a direct correlation between the relative fluxes of different
neutrino families and the solar magnetic fields. Therefore, it is of considerable importance to
constrain the probable non-electronic solar antineutrino flux in a model independent manner
keeping, also, in mind the, rather, stringent constraints on the solar electron antineutrino
flux [9] since the possible presence of these effects, even at the subdominant level, may affect
our present knowledge of the neutrino masses and mixings. Consequently, it is of utmost
importance to constrain the possible presence of these subdominant effects from the anal-
ysis of solar and atmospheric neutrino data. In the present work, we intend to constrain
the possible presence of subdominant SFP transitions and transitions into sterile neutrinos
in addition to the dominant LMA transitions in a model independent manner so that the
constraints derived in the present work not only apply to the usual SFP transitions [10] but,
also, to the more exotic SFP scenarios studied in the recent past [7, 8].
The possibility of transitions into active antineutrinos and sterile neutrinos accompanying
the dominant LMA transitions has been examined by several authors [11, 12] in the recent
past through a model independent analysis of the Super-Kamiokande and SNO data. In the
present work, we reexamine this possibility in the light of the latest 391-Day Salt Phase SNO
Data Set and the Super-Kamiokande measurement of the 8B flux through the ES reaction.
If the solar 8B neutrinos undergo flavor conversion into active neutrinos only and there are
no transitions into antineutrinos, the CC, NC and ES fluxes are no longer independent. The
ES flux can be obtained from the CC and NC fluxes by using the relation [13]
φES = rφNC + (1− r)φCC, (1)
where ‘r’ is the ratio of the ES cross-section of the νµ/ντ component to that of νe. This
relation should be satisfied by the global rates as well as in the individual energy bins.
Moreover, Eqn. (1) gives rise to correlations between the CC, NC and ES fluxes which
should, also, be visible in the SNO data. However, these correlations will be modified in case
there are transitions into antineutrinos at the subdominant level. Therefore, the correlations
between different SNO fluxes should serve as the test of the LMA MSW solution and may,
also, indicate the presence of subdominant transitions.
In this work, we make use of the 391-Day Salt Phase SNO Data Set with enhanced sensitivity.
The shape constrained SNO CC, NC and ES fluxes are given by [14]
φSNOCC = (1.72± 0.12)× 10
6cm−2s−1, (2)
φSNONC = (4.81± 0.34)× 10
6cm−2s−1, (3)
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φSNOES = (2.34± 0.27)× 10
6cm−2s−1. (4)
The correlation coefficients are given by [14]
ρ (CC,NC) = −0.400, (5)
ρ (CC,ES) = −0.168, (6)
ρ (ES,NC) = −0.073, (7)
and will be used in the error propagation calculations.
The starting point of our analysis are the relations between the CC, NC and ES fluxes which
are measured experimentally and the neutrino/ antineutrino fluxes of various species which
may be present in the solar 8B neutrino flux. We do not parametrize the contribution of the
various fluxes in terms of some trigonometric ratios representing the fractions of different
neutrino fluxes as is done in Ref. [11] and Ref. [12]. Our approach, although equivalent, is
much simpler and more transparent.
The CC, NC and ES fluxes are related to the various neutrino fluxes in a most general way
through the relations
φCC = φνe, (8)
φNC = φνe + φνx + rdφνe + rdφνx , (9)
φES = φνe + rφνx + reφνe + rxφνx . (10)
Here, φνe is the flux of νe, φνx is the flux of νµ/ντ , φνe is the flux of νe and φνx is the flux
of νµ/ντ . We have assumed that all these neutrinos come with standard boron neutrino
spectrum. The various cross-section ratios are given by
r =
∫ ∫ ∫
dEνdTdT
′φB(Eν)
dσ(νxe→νxe)
dT
(T,Eν)R(T, T
′)∫ ∫ ∫
dEνdTdT ′φB(Eν)
dσ(νee→νee)
dT
(T,Eν)R(T, T ′)
, (11)
re =
∫ ∫ ∫
dEνdTdT
′φB(Eν)
dσ(νee→νee)
dT
(T,Eν)R(T, T
′)∫ ∫ ∫
dEνdTdT ′φB(Eν)
dσ(νee→νee)
dT
(T,Eν)R(T, T ′)
, (12)
rx =
∫ ∫ ∫
dEνdTdT
′φB(Eν)
dσ(νxe→νxe)
dT
(T,Eν)R(T, T
′)∫ ∫ ∫
dEνdTdT ′(Eν)
dσ(νee→νee)
dT
(T,Eν)R(T, T ′)
, (13)
rd =
∫ ∫ ∫
dEνdTdT
′φB(Eν)
dσ(νxd→νxpn)
dT
(T,Eν)R(T, T
′)∫ ∫ ∫
dEνdTdT ′(Eν)
dσ(νed→νepn)
dT
(T,Eν)R(T, T ′)
. (14)
From these relations, we obtain r = 0.15, rx = 0.12, re = 0.19 and rd = 0.95.
It can be seen from Eqns. (8)-(10) that
φES = rφNC + (1− r)φCC + (re − rrd)φνe − (rrd − rx)φνx . (15)
In the absence of antineutrinos, we obtain
φno νES = rφNC + (1− r)φCC (16)
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which is the same as Eqn. (1). The effect of electron antineutrino component in the solar
boron neutrino flux is to increase the ES flux from φno νES while that of muon antineutrino
component is to decrease the ES flux from φno νES . Since, νe flux is restricted to very small
values by the Super-Kamiokande [9] and KamLAND [15], there will not be any significant
increase in the ES rate due to the contribution from the electron antineutrinos. Hence, we
neglect the νe flux in our analysis.
A value of ES flux smaller than φno νES (the ES flux in the absence of φνe and φνx) will be a
signature for the muon antineutrino component in the solar 8B neutrino flux. We calculate
φno νES and its correlation coefficients with CC and NC fluxes from Eqn. (16) using the CC
and NC fluxes as given in Eqns. (2) and (3) and the correlation coefficient between SNO
CC and NC flux given by Eqn. (5) and obtain
φno νES = (2.18± 0.09)× 10
6cm−2s−1, (17)
and
ρ (CC,ES) = 0.91, (18)
ρ (ES,NC) = 0.10. (19)
Thus, the SNO ES flux should be equal to (2.18± 0.09)× 106 cm−2s−1 and correlated with
the CC and NC fluxes with above correlation coefficients in case there are transitions into
active flavors only.
In case, we have independent measurements of CC and NC fluxes, they will be correlated
with the ES flux through the correlation coefficients
ρ (CC,ES) =
(1− r)σCC√
r2σ2NC + (1− r)
2σ2CC
, (20)
ρ (ES,NC) =
rσNC√
r2σ2NC + (1− r)
2σ2CC
, (21)
if there are transitions into active flavors only and no transitions into antineutrinos. In the
third 3He-phase of SNO, the CC and NC measurements will be nearly independent. Then,
the experimentally measured ES fluxes should, not only, be related with the measured CC
and NC fluxes according to Eqn. (1), but also, it should be correlated with the CC and NC
fluxes with the correlation coefficients given by Eqns. (20) and (21).
The central value of the ES flux is clearly larger than the central value of φno νES . However,
SNO ES flux has large errors and includes φno νES within one standard deviation. On the
other hand, Super-Kamiokande ES flux has much smaller errors. Since, there is very little
difference between the various cross-section ratios for Super-Kamiokande and SNO, we can
use the Super-Kamiokande ES flux in place of SNO ES flux and combine it with SNO CC
and NC fluxes. We treat the Super-Kamiokande ES flux as uncorrelated with the SNO CC
and ES fluxes.
The Super-Kamiokande ES rate [4] is
φSKES = (2.35± 0.08)× 10
6cm−2s−1 (22)
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and
φSKES − φ
no ν
ES = (0.17± 0.12)× 10
6cm−2s−1 (23)
which is non-zero at about 1.4 standard deviations. If there are transitions into νx in addition
to the transitions into νx component, the ES flux should be smaller than φ
no ν
ES . But, we see
that it is actually larger than φno νES upto 1.4σ. Thus, the Super-Kamiokande data excludes
any antineutrino production at 1.4σ C.L.. However, arbitrary admixtures of φνx and φνx
are allowed above 1.4σ C.L..
We eliminate φνe from Eqns. (9) and (10) using Eqn. (8) to obtain
φνx + rdφνx = φNC − φCC − rdφνe , (24)
rφνx + rµφνx = φES − φCC − reφνe. (25)
If the value of φνe is known, the above set of linear equations can be solved for φνxand φνx .
The formal solutions of Eqns. (24) and (25) can be written as
φνx =
1
rrd − rx
[rφNC + (1− r)φCC − φES + (re − rrd)φνe ] , (26)
φνx =
1
rrd − rx
[rdφES − rxφNC − (rd − rx)φCC + rd(re − rx)φνe] . (27)
Since, φνe is restricted to very small values by Super-Kamiokande [9] and KamLAND [15],
we neglect the φνe term in the above equations. So,
φνx =
rφNC + (1− r)φCC − φES
rrd − rx
, (28)
φνx =
rdφES − rxφNC − (rd − rx)φCC
rrd − rx
. (29)
Since, φES is larger than φ
no ν
ES = rφNC + (1− r)φCC , the central value of muon antineutrino
flux will be negative and only upper bounds on it can be obtained. Substituting the SNO
fluxes from Eqns. (2)-(4) and using the correlation coefficients from Eqns. (5)-(7), the active
non-electronic antineutrino flux is found to be
φνx = (−7.0± 13.5)× 10
6cm−2s−1. (30)
The result is consistent with zero within one standard deviation.
If we use the Super-Kamiokande ES flux, given by Eqn. (22) instead of the SNO ES flux we
obtain
φνx = (−7.6± 5.3)× 10
6cm−2s−1. (31)
The upper bound on φνx is
φνx < 3.0× 10
6cm−2s−1 at 2σ C.L.. (32)
It is found that the value of φνx becomes negative below 1.4σ C.L.. However, the data is
not precise enough to restrict the larger values of antineutrino flux. For instance, φνx =
5.69× 106cm−2s−1 is allowed at 2.5σ.
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The total active neutrino flux is
φactive = φνe + φνx + φνx . (33)
Substituting the values of φνe, φνx and φνx from Eqns. (8), (29) and (28) in Eqn. (33), we
obtain
φactive =
1
rrd − rx
[(r − rx)φNC + (1− rd) ((1− r)φCC − φES)] . (34)
We note that in the limit rd ∼ 1, φES ∼ rφNC+(1− r)φCC and so φactive ∼ φNC . The sterile
flux can, thus, be calculated from the relation
φsterile = φ
SSM
B − φactive, (35)
where the SSM prediction for the total boron neutrino flux is [16]
φSSMB = (5.69± 0.91)× 10
6cm−2s−1. (36)
Using the SNO CC and NC fluxes alongwith the Super-Kamiokande ES flux, sterile neutrino
flux is found to be
φsterile = 1.25± 0.99× 10
6cm−2s−1, (37)
which is non-zero at about 1.26 standard deviations and gives a 2σ C.L. upper bound of
φsterile < 3.23× 10
6cm−2s−1. (38)
In order to compare our results with those obtained by Chauhan and Pulido [12], we calculate
the ratio of non-electronic neutrino flux to the total active (neutrino+antineutrino) flux:
sin2 ψ =
φνx
φνx + φνx
. (39)
On substituting φνx and φνx from Eqns. (28) and (29) in the above equation, we obtain
sin2 ψ =
rdγ − rx
r − rx − (1− rd) γ
(40)
where
γ =
φES − φCC
φNC − φCC
. (41)
The analysis of Ref. [12] is based upon Eqn. (40). Substituting the SNO CC and NC fluxes
and Super-Kamiokande ES flux in Eqn. (41) and taking into account the anticorrelation
between the SNO CC and NC fluxes, we obtain
γ = 0.20± 0.04. (42)
Using this value of γ, we can calculate the value of sin2ψ from Eqn. (40) to obtain
sin2 ψ = 3.5± 2.2 (43)
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which is 1. 1σ above unity. Hence, no neutrino-antineutrino admixture is allowed upto 1. 1σ.
However, arbitrary neutrino-antineutrino admixtures are allowed in the range 1.1- 1.6σ. For
example,
sin2 ψ = 0.5 at 1.36σ C.L. (44)
Our results differ from those obtained by Chauhan and Pulido [12] because we incorporate
the Super-Kamiokande flux in the analysis from the very start instead of putting it as a
constraint at the end and, also, because we have taken into account the anticorrelation
between the SNO CC and NC fluxes.
Now, we consider a special case in which there are transitions only into active antineutrinos
and no transitions into active neutrinos. This will allow us to obtain the maximum possible
antineutrino flux allowed by the data. In this scenario, we have
φνx =
φNC − φCC
rd
(45)
which gives
φνx = (3.26± 0.41)× 10
6cm−2s−1. (46)
Thus, the 2σ upper bound on the antineutrino flux is
φνx < 4.08× 10
6cm−2s−1. (47)
In conclusion, a non-electronic antineutrino component in the solar boron neutrino flux is
ruled out by the latest 391-Day Salt Phase SNO Data Set and the Super-Kamiokande ES
measurement at 1.4σ C.L.. However, arbitrary νx − νx admixtures are still allowed above
this confidence level. The upper bound on muon/tauon antineutrino flux coming from the
Sun is φνx < 3.0 × 10
6cm−2s−1 at 2σ C.L.. With the future precision measurements of the
CC and NC fluxes at SNO and ES flux at Super-Kamiokande, it will be possible to further
constrain the νx − νx admixtures present in the solar boron neutrino flux to smaller values.
Combining the Super-Kamiokande ES flux with the SNO CC and NC fluxes, the sterile flux
is found to be non-zero at 1.26 standard deviations. The upper bound on the sterile flux is
3.23×106cm−2s−1 at 2σ C.L.
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